Most cellulases are modular proteins that comprise two or more discrete modules, such as catalytic modules (CMs) and carbohydrate-binding modules (CBMs), each of which can function independently (9) . CBMs are classified into 59 families based on their amino acid similarity in the CAZY database (http://www.cazy.org/fam/acc_CBM.html). The main functions of CBMs are to recognize and bind polysaccharides and to increase the hydrolytic activities of the enzymes against insoluble and soluble substrates (3) . Endoglucanase C5614-1 (GenBank accession no. ACA61140), which was identified from the metagenome of the contents of buffalo rumen (5) , is a modular enzyme comprising an N-terminal signal peptide (amino acids [aa] 1 to 20), a CM belonging to the glycosyl hydrolase family 5 (aa 40 to 334), and a C-terminal X module (XM) of unknown function (aa 335 to 537) (Fig. 1A) . No linker region rich in Ser/Pro/Thr was found between the CM and the XM. In this study, we aimed to ascertain the function of the XM in the endoglucanase C5614-1.
The XM showed no significant homology to known CBMs. The XM shared 25% to 33% identities and 41% to 45% similarities with about 200 amino acids at the C terminus of a xylanase (GenBank accession no. AAC36862) from the ruminal bacterium Prevotella ruminicola, uncultured ruminal microbial cellulases (ABX76045, ACA61132, ACA61135, ACA61137, and ABB46200), and an uncultured bacterial bifunctional mannanase-xyloglucanase (ADA62505). None of these homologous polypeptides was confirmed to show carbohydrate-binding activity. An alignment of XM with these homologous sequences using ClustalW (http://www.ebi.ac.uk /Tools/clustalw) is shown in Fig. 2 . Seven conserved aromatic amino acid residues were found in the respective sequences.
Aromatic amino acid residues in CBMs play critical roles in recognizing and binding polysaccharides (4) .
A PCR-based approach was used to produce constructs expressing C5614-1 derivatives (Fig. 1A) . Plasmid C5614 (5), carrying the endoglucanase gene C5614-1, was used as a PCR template. The primer pairs used to amplify the portions of C5614-1 encoding C5614-1 amino acids 20 to 537 (recombinant C5614-1 [rC5614-1], comprising the CM and the XM), 20 to 348 (rGHF5, containing the CM only), and 349 to 537 (rX, containing the XM only) are, respectively, as follows: C5614-1F (5ЈCAGCCATGGAGGCACAAGATTTTGAGAC TGCTACCGAA-3Ј) and C5614-1R (5Ј-GACCTCGAGTTGT GCTATGTATTTTTTGCCGTTCTGG-3Ј), C5614-1F and C5614-1CM (5Ј-GGGCTCGAGGGTTAATGTCTCAGCCA GGTCAGGCTG-3Ј), and C5614-1X (5Ј-GGGCCATGGCCA AAGCCTATCATGGCAGCGCGTTC-3Ј) and C5614-1R. The underlined sequences in the primers are NcoI and XhoI restriction sites.
The digested PCR products were ligated into the same digested expression vector, pET-30a(ϩ) (Novagen, Madison, at Guangxi University Library July 9, 2010 aem.ASM.ORG -WI). The recombinant plasmids were transformed into Escherichia coli Rosetta(DE3)pLysS (Novagen), and the cloned fragments were expressed as proteins with 6ϫHis tags at both the N and C termini. The recombinant C5614-1 derivatives were purified by affinity chromatography with Cobalt immobilized metal chromatography resin (Clontech, Palo Alto, CA), according to the user manual. Each of the purified proteins produced a single band on an SDS-PAGE gel (8) , and their molecular sizes were in agreement with those of the deduced polypeptides (Fig. 1B) .
The hydrolytic activities of rC5614-1 and rGHF5 toward carboxymethyl cellulose (CMC) were determined essentially as described by Duan et al. (5) . The pH profiles of the enzymatic reactions of rC5614-1 and rGHF5 were similar, and both showed maximum activities at pH 5.0 (data not shown). However, rC5614-1 and rGHF5 showed different temperature profiles (Fig. 3A) . The rGHF5 showed narrower pH stability and lower temperature stability profiles than those of rC5614-1 ( Fig. 3B and C) . These results indicated that the XM is required for the stability of rC5614-1.
The hydrolytic activities of rC5614-1 toward particle substrates, including birch wood xylan, lichenan, and acid-swollen cellulose (ASC), were about three times greater than those of rGHF5; however, rC5614-1 and rGHF5 showed similar hydrolytic activities toward soluble substrates (Table 1 ). This result indicated that the presence of the XM enhanced the hydrolytic activity of the enzyme toward insoluble substrates but not toward soluble substrates. Similar phenomena were reported for Irpex lacteus exocellulase I (7), Clostridium thermocellum Xyn10C (1), and Clostridium stercorarium Xyn10B (2).
Binding of rC5614-1 and rGHF5 to Avicel was determined quantitatively, as described in the supplemental material. As shown in Table 2 , rC5614-1 bound to Avicel, and the binding capability of rC5614-1 increased with increasing Avicel concentration and with prolonged incubation time. Its binding capability was also influenced by the pH of the mixture solu- at Guangxi University Library July 9, 2010 aem.ASM.ORG -tion. Approximately 90% of rC5614-1 bound to 4% cellulose in the mixture solution at pH 5.0 after incubation for 5 h, whereas the proportion of the enzyme bound to cellulose dropped slightly to 83% at pH 4.0 and dropped significantly to less than 65% at pHs Ն6. Bovine serum albumin (BSA) in the mixture solution only slightly affected the binding of rC5614-1 to Avicel, suggesting that its binding to Avicel was specific. However, 100% of rGHF5 remained in the supernatant of the binding mixture, showing that rGHF5 could not bind Avicel. These results demonstrated that the XM is absolutely required for the binding of rC5614-1 to Avicel, suggesting that the XM is a CBM.
To further confirm the XM as a CBM, the binding of purified rX to insoluble polysaccharides was investigated by incubating the polypeptide with various polysaccharides and comparing the proteins in the supernatant fraction (unbound protein) and in the precipitated fraction (bound protein) by SDS-PAGE, as described in the supplemental material. rX could bind to the insoluble polysaccharides Avicel, ASC, chitin, lichenan, xylan from sugarcane bagasse, powder of sugarcane bagasse, and raw cassava starch. It bound slightly to agarose and Sephadex G-100 (Fig. 4, top) . The affinities of rX for soluble polysaccharides were examined by native-affinity PAGE. The migration of rX was strongly retarded by inclusion of methylcellulose, 2-hydroxyethylcellulose, and barley glucan in gels, whereas it was only slightly affected by the presence of birch wood xylan and CMC (Fig. 4, bottom) and not affected by the inclusion of laminarin and soluble starch (data not shown). The affinities of the XM in C5614-1 to insoluble substrates were similar to those of CBM37 from Ruminococcus albus (10) and CBM54 from Clostridium thermocellum (6) , which could also bind various insoluble substrates. However, the binding of CBM54 and CBM37 to soluble substrates was either negative or not tested. We propose that the X module in endoglucanase C5614-1 is a novel CBM. at Guangxi University Library July 9, 2010 aem.ASM.ORG -
